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Topological magnons are emergent quantum spin excitations featured by magnon bands crossing
linearly at the points dubbed nodes, analogous to fermions in topological electronic systems. Exper-
imental realization of topological magnons in three dimensions has not been reported so far. Here,
by measuring spin excitations (magnons) of a three-dimensional antiferromagnet Cu3TeO6 with in-
elastic neutron scattering, we provide direct spectroscopic evidence for the coexistence of symmetry-
protected Dirac and triply degenerate nodes, the latter involving three-component magnons beyond
the Dirac-Weyl framework. Our theoretical calculations show that the observed topological magnon
band structure can be well described by the linear-spin-wave theory based on a Hamiltonian dom-
inated by the nearest-neighbour exchange interaction J1. As such, we showcase Cu3TeO6 as an
example system where Dirac and triply degenerate magnonic nodal excitations coexist, demonstrate
an exotic topological state of matter, and provide a fresh ground to explore the topological properties
in quantum materials.
Introduction
By introducing the concept of topology into electronic
bands, plenty of novel quantum materials, such as topo-
logical insulators1,2 with the edge state existing in the
bulk gap, and Dirac3–6 and Weyl semimetals7–9 fea-
tured by linear-band crossings at the Dirac and Weyl
nodes, respectively, have been discovered. Excitations
associated with these topological states are fermions de-
scribed by the Dirac-Weyl equations10,11. Recently, ex-
otic new fermions12–15, such as the triply degenerate
ones beyond such a classification, have emerged16,17,
enriching the family of topological materials and ad-
vancing the understanding on band topology. Since
topological band structure is independent of the statis-
tics of the constituent quasiparticles, many efforts have
been devoted to seeking for nontrivial topological ana-
logues of fermions in bosonic systems, e.g., phononic18–22
and photonic crystals23–29. In two dimensions, vari-
ous topological states for magnons (also bosons), which
are spin excitations in magnetically ordered systems,
have also been proposed. These include topological
magnon insulators30–34, and magnonic Dirac35–38 and
Weyl semimetals39–43. Following the successful examples
in fermionic systems13,14,16, triply degenerate nodal ex-
citations have been predicted for the magnonic case44,45,
extending the topological classification in bosonic sys-
tems. Topological magnonic systems exhibit: i) non-zero
Berry curvature which gives rise to the anomalous Hall
effect of the heat current carrying by the charge-neutral
spin excitations33,46–51; ii) edge or surface state that is
topologically protected30,32,52,53. These exotic proper-
ties make the materials appealing in developing high-
efficiency and low-cost spintronic devices47,53–55. How-
ever, candidate materials to realize topological magnons
are scarce. Especially for topological magnons in three
dimensions, there has been no experimental report so far.
In this regard, Li et al.56 have predicted Cu3TeO6 to host
Dirac magnons, offering an excellent opportunity for ex-
perimental investigations into the topological properties
of magnons.
In this work, we measure the spin excitations in
Cu3TeO6 with inelastic neutron scattering (INS), and
compare the INS data with the linear-spin-wave cal-
culations performed based on a Hamiltonian domi-
nated by the nearest-neighbour exchange interaction J1.
From the results, we discover symmetry-protected three-
dimensional Dirac and triply degenerate magnons in
Cu3TeO6.
a b
FIG. 1. Crystal structure and the first Brillouin zone for
Cu3TeO6. a, Schematic for the centro-symmetric cubic crys-
tal structure with the Ia-3 space group (No. 206). For sim-
plicity, only Cu2+ ions with spins indicated by arrows are
shown. Shades indicate hexagons formed by Cu2+ ions. The
nearest-neighbour exchange interaction J1 is indicated by a
solid line. b, The first Brillouin zone of the primitive unit cell
with high-symmetry paths and points.
Results
Sample characterisations. The crystal structure of
Cu3TeO6 with the Ia-3 space group (No. 206) is illus-
trated in Fig. 1a (ref. 57). Six Cu2+ ions form an al-
most coplanar hexagon, and each ion is vertex-shared by
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2FIG. 2. Experimental and calculated spin-wave excitations. a, b, and c, Inelastic neutron scattering results of the spin
excitation spectra measured at T = 5 K along [001], [101], and [111] directions, respectively. d-f, Calculated magnetic spectra
using the linear-spin-wave theory based on a set of parameters with J1 = 9.07, J2 = 0.89, J3 = −1.81, J4 = 1.91, J5 = 0.09,
and J6=1.83 meV. The uncertainties of the parameters are about 6%. The calculated dispersions are plotted as solid lines
in a-c. The wave vector Q is expressed as Q=(2pi/a, 2pi/b, 2pi/c) reciprocal lattice unit (rlu) with a = b = c = 9.537(3) A˚.
Vertical dashed lines indicate the Q positions illustrated in Fig. 1b.
two hexagons, constituting a three-dimensional spin-web
structure57–60. Neutron powder diffraction has shown
that Cu3TeO6 develops a long-range collinear antiferro-
magnetic order below the transition temperature TN of
61 K, with spins aligned along the [111] direction57,58.
Such a magnetic state as illustrated in Fig. 1a, with
each up spin related to a down spin by centro-inversion,
belongs to a magnetic group with the PT symmetry56,
where P and T are space-inversion and time-reversal op-
erations, respectively. Under the protection of this sym-
metry, magnons are expected to exhibit nontrivial topo-
logical properties56. Inelastic neutron scattering is a
direct approach to visualize magnon bands in the mo-
mentum and energy space, which acts as angle-resolved-
photoemission spectroscopy in characterising electronic
band structures5,8,17. Below, we present results from INS
measurements on well-characterised high-quality single
crystals of Cu3TeO6 (See Supplementary Figures 1 and 2
for details).
Magnetic excitation spectra. We have obtained a
rich INS dataset which covers up to 8 Brillouin zones in
the whole energy range of interest at various tempera-
tures. In Fig. 2a, b, and c, we present the excitation
spectra obtained at T = 5 K along three high-symmetry
directions [001], [101], and [111], respectively. These di-
rections are illustrated in Fig. 1b. The INS spectra show
clear excitations dispersing up from the magnetic Bragg
peaks57. More magnetic peaks are shown in Supplemen-
tary Figure 4. These peaks can be almost perfectly in-
dexed with the collinear magnetic structure which re-
spects the PT symmetry57,58. We have performed mea-
surements at higher temperatures up to T = 70 K, above
the TN of 61 K, and the results are shown in Supple-
mentary Figures 3 and 4. We find that the well-defined
dispersions at T = 5 K become almost featureless at
70 K (Supplementary Figure 3g-i), along with the disap-
pearance of the magnetic Bragg peaks (Supplementary
Figure 4e-f). The wave-vector and temperature depen-
dences of the excitations are clearly evidencing that they
are spin-wave excitations.
Turning back to the data at 5 K, we can see that the
acoustic bands extend up to about 15 meV, and the op-
tical bands are present roughly between 15 and 20 meV.
As there are twelve Cu2+ atoms in a primitive unit cell57,
there are six doubly degenerate magnon bands due to the
PT symmetry56. Since these six bands coexist in such a
narrow energy window, band crossings are expected. In
fact, by bare visual inspection of Fig. 2a-c, we can already
identify various high-symmetry points at which the bands
cross each other. Taking Fig. 2a as an example, Γ points
at E ≈ 15 meV, and H point at E ≈ 16 and 18.5 meV
exhibit as hot spots in the dispersion. At the H point,
the interval between the two spots is clearly visible. To
better characterise these points, we perform theoretical
calculations as described below.
Comparison with linear-spin-wave calculations.
3FIG. 3. Triply degenerate and Dirac nodes. a, Contour plot-
ted against two orthogonal axes [010] and [001] with an energy
interval of 18.5±0.5 meV, and b, against [111] and [1¯21¯] with
an energy interval of 15±0.5 meV. Dashed arrows in a and b
indicate the trajectories of the cuts plotted in c and d. Verti-
cal dashed lines in c and d denote the triply degenerate and
Dirac nodes, respectively. Lines through data are fits with
Gaussian functions. Errors represent one standard deviation
throughout the paper.
The well-defined acoustic modes and quick disappear-
ance of the magnetic order and excitations when ap-
proaching TN (Supplementary Figure 4) indicate that
Cu3TeO6 is a three-dimensional antiferromagnet with-
out much frustration, consistent with a small frustration
index of f = |ΘCW|/TN ≈ 2.9 in our sample, where
ΘCW = −175 K is the Curie-Weiss temperature (Sup-
plementary Figure 2a). Therefore, we carry out the
linear-spin-wave calculation to fit the experimental data.
We find that a J1-J2 model with only nearest-neighbour
(NN) and next-nearest-neighbour (NNN) exchange inter-
actions cannot fit the data, given the apparent discrep-
ancies especially on the optical branches (Supplementary
Figure 3a-f). We have added longer-range exchange in-
teractions and found that at least up to sixth-NN (J6)
can we fit the data satisfactorily. The necessity for us-
ing terms up to J6 may lie in the highly-interconnected
three-dimensional spin network and the large number of
Cu2+ ions in the unit cell, such that differences between
different exchange paths can be small. However, J1 is the
only dominant term, which is compatible with the mod-
est frustration of the system as there is no comparable
interaction to compete with J1. The calculated spin-
wave spectra using these parameters along [001], [101],
and [111] directions are presented in Fig. 2d, e and f, re-
spectively, and the corresponding dispersions are plotted
on top of the experimental data in Fig. 2a-c.
The calculated magnetic excitation spectra capture
most of the features in the experimental results, as shown
in Fig. 2. We note that we can include more longer-range
interactions to improve the fittings, mostly for the acous-
tic branches in the low-energy range where no band cross-
ings occur. But given the present agreement between
the theoretical and experimental results, we believe that
our Hamiltonian up to J6 is appropriate, since the main
purpose for the calculations is to guide our character-
isations on the crossing points, which are in the high-
energy range. The comparison between the calculated
dispersions and experimental data assures that we have
observed multiple nodal points along different trajecto-
ries in the Brillouin zone in the energy range of 15 to
18.5 meV. Again, we remind that these nodes are sym-
metry protected56. The presence of nodes along all these
directions indicates that the associated nodal excitations
are of three-dimensional nature, similar to those in the
fermionic systems5,8. We first identify the four-fold de-
generate Dirac nodes, at which two doubly degenerate
magnon bands cross each other, for example, the Γ(Γ′)
and P points.
In addition to the Dirac nodes predicted in ref. 56,
we also observe some double-triply (triply degenerate,
hereafter) nodal points at some high-symmetry positions,
e.g., the H(H′) points in Fig. 2a(c). At the Γ point,
there exist both Dirac and triply degenerate nodes very
close in energy. In fact, the triply degenerate nodes are
generically expected for a system with a PT plus some
point-group symmetry such as C3 (refs 13, 17, 44, and
45), which is the case in Cu3TeO6 (refs 56 and 57).
The existence of above mentioned nodal points
is guaranteed by the symmetry, independent of the
Hamiltonian44,45,56. As a demonstration, we show the
calculated results using a J1-J2 model in Supplementary
Figure 3a-c—given the apparent failure of this model in
describing the experimental data, this model still gives
Dirac nodes at P and triply degenerate nodes at H.
This further strengthens our conclusion that the unprece-
dented magnon band structure with coexisting Dirac and
triply-degenerate nodes has been discovered in Cu3TeO6.
Since the Γ point hosts two types of nodes too close in
energy to be resolved experimentally, we pick the P and
H points for further elaborations.
Triply degenerate and Dirac nodes. In the disper-
sions shown in Fig. 2a, we observe two triply degenerate
points at H at two energies of E ≈ 16 and 18.5 meV.
We first perform a constant-energy (E) cut in the dis-
persions at an energy interval of ∆E = 18.5 ± 0.5 meV
through the H point. The results are plotted in Fig. 3a,
where it clearly shows a circle centring at the H point. A
cut along the [001] direction through this point yields a
peak exactly centring at the H point, as shown in Fig. 3c.
Peaks at L = ±2 rlu correspond to H points in the next
Brillouin zones. We have also analysed the triply de-
generate point at the lower energy of E = 16 meV in
4FIG. 4. Linear dispersions near triply degenerate and Dirac nodes. a, Dispersions along the [001], and b, [111] directions. c,
Constant-Q (wave vector) cuts indicated by the vertical dashed lines in a. Constant-Q cuts along negative and positive qs in
b are plotted in d and e, respectively. The intensities of the cuts in c-e are offset to elaborate the dispersion. Red solid lines
through data are fits with Gaussian functions. Black solid lines in c-e are guides to the eye illustrating the linearity of the
dispersions, while dashed lines are their extensions.
Supplementary Figure 5, which confirms our conclusion
on the observation of two triply degenerate nodal points
at H.
Results from similar practices for the P points in
Fig. 2c at an energy interval of ∆E = 15 ± 0.5 meV are
presented in Fig. 3b, from which we observe two Dirac
nodes at the P points on top of the ring centring (-2, 0, 1),
i.e., the H′ point. Two P and Γ points in other directions
are also present in this constant-E contour. We perform
a cut through the two P points along the [111] direction,
and the results are shown in Fig. 3d, with two peaks
centring at the P points.
We have also performed a series of constant-Q (wave-
vector) cuts of the dispersions at the Q positions indi-
cated in Fig. 4a and b through the H and P points, respec-
tively. Results of these cuts are shown in Fig. 4c-e. From
the linear cuts, we identify two energies around 15 and
18 meV corresponding to these points at q = 0 (Fig. 4c)
and∓0.5 (Fig. 4d and e), evidenced by the sharpest peaks
at these Dirac and triply degenerate nodes. We also illus-
trate the linear dispersions near these nodes in Fig. 4c-e.
To further characterise the triply degenerate points at
H, we perform simulations using the effective Hamilto-
nian derived from our J1,J2...J6 model (Eq. 1). The re-
sults are plotted in Supplementary Figure 6, which shows
that, near each of the H points, there are two linear
5bands and one flat band. Thus, the magnons can be
regarded as three-component bosons44,45, similar to the
new fermions13–16. The two linear bands have a Chern
number of 2 and -2, respectively, and the flat band has a
Chern number of 0 (refs 13–15, 22, 44, and 45).
Discussions
By now, we have unambiguously demonstrated the co-
existence of Dirac and triply degenerate magnons in
Cu3TeO6, and so this material is the first topological
system where both Dirac and triply degenerate nodal
excitations are present, enabling the investigations into
the possible interplay between them and other topolog-
ical properties of the material. Due to the presence of
the nontrivial Berry curvature in topological magnons,
the anomalous thermal Hall transport resulting from the
spin current is expected33,46–51. In Cu3TeO6, under an
external magnetic field, a Dirac point should split into
two Weyl points carrying a monopole charge of 1 and -
1, respectively, which will give rise to the thermal Hall
conductivity10,11. Furthermore, the two bands with a
Chern number of ±2 crossing with the flat band at the
triply degenerate H point are also expected to show
a thermal Hall effect under an external magnetic field
that opens a gap33. Another important feature of the
topological magnons in Cu3TeO6 is the topologically-
protected surface arc state56, which may be detected us-
ing surface-sensitive probes, such as high-resolution elec-
tron energy loss spectroscopy61, or helium atom energy
loss spectroscopy62. Recent developments in optical mea-
surements of the spin excitations via the magneto-optical
effect may also be helpful63–65. Furthermore, spin current
flowing on the surface may be directly measured53. Fur-
ther explorations of these topological properties should
lend support to developing spintronics with outstand-
ing performance47,53–55. Finally, since the band topol-
ogy does not rely on the constituent quasiparticles, both
the electron and phonon bands of Cu3TeO6 may exhibit
topological properties13,14, calling for future theoretical
and experimental investigations.
Note added: After we finished this work, we became
aware of a preprint reporting similar INS results66.
Methods
Single-crystal growth and characterisations. High-
quality single crystals of Cu3TeO6 were grown using
PbCl2 (4N) as the flux, following the procedures in
ref. 59. X-ray diffraction data were collected in an x-
ray diffractometer (X′TRA, ARL) using the Cu-Kα edge
with a wave length of 1.54 A˚. Rietveld refinements on the
data were run in the Fullprof. suite. A single crystal x-
ray diffractometer was used to confirm the orientation of
the single crystals. Susceptibility and heat capacity were
measured in the physical property measurement system
(PPMS-9T) from Quantum Design.
Inelastic neutron scattering experiment. Our in-
elastic neutron scattering experiment was performed on
wide angular-range chopper spectrometer (ARCS) at
Spallation Neutron Source (SNS) of Oak Ridge National
Laboratory (ORNL). For the experiment, we coaligned
40 pieces of single crystals weighed about 3 g in total
using a backscattering Laue x-ray diffractometer. The
single crystals glued on an aluminum plate with a sam-
ple mosaic of 1.5 degrees were loaded into a closed-cycle
refrigerator with the [010] direction aligned in the verti-
cal direction. Data were collected by rotating the sample
about the [010] axis with an incident energy Ei = 35 meV
and a chopper frequency of 300 Hz resulting in an energy
resolution about 1.4 meV. We collected data at various
temperatures. At 5 K, the data were collected by rotat-
ing the sample by 90 degrees in a 1.25-degree step. For
other high temperatures, data were collected with a 5-
degree step. We used DAVE67 to analyse the data. The
wave vector Q was expressed as Q=(2pi/a, 2pi/b, 2pi/c)
reciprocal lattice unit (rlu) with a = b = c = 9.537(3) A˚.
Data in Fig. 2a, b, and c were obtained by integrating the
experimental data along two other orthogonal directions,
with a thickness of [H, 0, 0] = [−3.2,−2.8], [0, K, 0] =
[−0.2, 0.2]; [−L, 0, L] = [0.8, 1.2], [0, K, 0] = [−0.2, 0.2];
and [−L, 0, L] = [1.3, 1.7], [−K, 2K, −K] = [0.1, 0.2],
respectively. Data in Fig. 3a and b were integrated over
[H, 0, 0] = [−3.2,−2.8] and [−L, 0, L] = [1.3, 1.7], re-
spectively.
Linear-spin-wave theory. In order to fit the exper-
imental data, we used the Heisenberg model involving
exchange interactions up to the sixth nearest neighbour
(NN),
H =
6∑
n=1
∑
〈ij〉∈{n-NN}
JnSi · Sj , (1)
where n-NN indicates the n-th NN bond and Jn is the
magnitude of the n-th NN Heisenberg term. Since this
material is a collinear antiferromagnet, we performed the
calculations with the linear-spin-wave theory. After per-
forming standard Holstein-Primakoff transformation and
diagonalizing the quadric Hamiltonian, we obtained the
magnon dispersions.
To compare with the experimental data, we calculated
the neutron scattering cross section
d2σ
dΩdE
∝
∑
αβ
(δαβ −QαQβ/Q2)Sαβ(Q, E), (2)
where Qα=x,y,z is the α component of Q and the
Sαβ(Q, E) is the spin-spin correlation function defined
by
Sαβ(Q, E) =
1
N
∑
ij
eiQ(ri−rj)
∫ ∞
−∞
〈
Sαi S
β
j (t)
〉
e−iEtdt.
(3)
Here, Si is the effective spin at site i with the coordinate
ri.
Data Availability. Data supporting the findings of this
study are available from the corresponding author J.S.W.
(Email: jwen@nju.edu.cn) upon reasonable request.
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